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The synthesis, crystal structure and charge-
transport properties of hexacene
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Md. Minarul Islam’, Chih-Hsien Yuan', Yu-Tai Tao', Teruo Shinmyozu* and Tahsin J. Chow*

Acenes can be thought of as one-dimensional strips of graphene and they have the potential to be used in the next
generation of electronic devices. However, because acenes larger than pentacene have been found to be unstable, it was
generally accepted that they would not be particularly useful materials under normal conditions. Here, we show that, by
using a physical vapour-transport method, platelet-shaped crystals of hexacene can be prepared from a monoketone
precursor. These crystals are stable in the dark for a long period of time under ambient conditions. In the crystal, the
molecules are arranged in herringbone arrays, quite similar to that observed for pentacene. A field-effect transistor made
using a single crystal of hexacene displayed a hole mobility significantly higher than that of pentacene. This result
suggests that it might be instructive to further explore the potential of other higher acenes.

linearly fused benzene rings. They are of contemporary

interest from a theoretical point of view! as well as a practical
standpoint as functional organic materials>®>. One of the most
attractive features of acenes is their exceptionally narrow
HOMO-LUMO bandgap, which leads to a higher conductivity
than found in other organic compounds®. The hole mobility in
single crystals of acenes, measured in an organic field-effect
transistor (OFET) across gold electrodes on top of SiO,, increases
with the number of aromatic rings; for example anthracene
(Mg = 0.02 cm* V! 71)5 < tetracene (tepr =04 cm® V' s7he <
pentacene (uppr = 1.4 cm> V™' s~ 1Y

Although larger acenes have great potential in a wide range of
applications, their utility is limited severely by both their low
solubility and low stability when in solution. Hexacene, for
example, was reported more than 70 years ago® ', yet its properties
have never been unambiguously described until recently, largely due
to its tedious synthesis and low solubility!""!2. To increase solubility,
a series of perifunctionalized derivatives containing silylethynyl'?
and organothio' substituents have been synthesized. These
types of derivatives, including some based on heptacene' and
nonacene!®!’, have indeed demonstrated higher solubility and
stability in solution.

A synthesis of non-substituted hexacene was recently achieved
through the photo-induced expulsion of CO molecules from a di-
ketone precursor, with the product collected by matrix isolation!3%°.
At room temperature, hexacene is stable in this polymer matrix for
more than 12 h (ref. 19). However, hexacene crystals could not be
obtained by this method. A similar matrix isolation approach
has also been used recently for the preparation of non-substituted
nonacene®. It has been established that the photo-expulsion of
CO through diketone precursors proceeds through biradical
intermediates?!. In the case of pentacene, the yield was only 74%
(7p = 48.48 +0.15 ps) from its diketone precursor?. In our earlier
studies, we designed a superior method for the preparation of
pentacene?*~?>, which used a monoketone precursor from which

Q cenes are a class of aromatic hydrocarbons composed of

the CO expulsion reaction has been proposed to proceed through
a concerted pathway (a hypothesis that has been supported by
theoretical models®®). The yield of pentacene made from this
precursor was close to quantitative, and crystals could be collected
immediately after the reaction. In this Article, we describe the
details of a highly efficient solid-state synthesis of hexacene from
a monoketone precursor, compound 1 (Fig. 1). The isolated
species has been fully characterized and is found to be stable at
temperatures in excess of 300 °C.

Results and discussion

Monoketone precursor 1 was synthesized from commercial
materials in five steps in 24% total yield (for synthetic details and
characterization see Supplementary Information). It is soluble in
common organic solvents such as chloroform and tetrahydrofuran

L7 ‘QQ -

Heat

or -CO
hv

Hexacene

Figure 1| Generation of hexacene from precursor 1 by CO expulsion. The
transformation can be achieved either by heating a solid sample of 1 at
180 °C, or by irradiating a THF solution of 1 at 365430 nm.
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Figure 2 | Characterization of the transformation from 1 to hexacene. a, Physical appearance of 1 (left) and hexacene (right) in the open air. The hexacene
was generated by heating 1 at 180 °C in a nitrogen atmosphere. b, Infrared spectra of 1 (bottom) and hexacene (top). The diminishing of a characteristic
carbonyl peak of 1at 1,784 cm ™" indicates the extent of decarbonylation. ¢, TGA profile of 1. The weight loss at ~180 °C indicates the formation of hexacene
through CO expulsion. d, CP-MAS spectra of 1 (top), hexacene produced by heating 1 at 180 °C under a nitrogen atmosphere (middle) and hexacene left at
ambient conditions in the dark for 30 days (bottom). Asterisks denote spinning sidebands.

(THE, ~0.3 mg ml~" in both solvents), and the solid can be stored at
5 °C under room light for more than six months.

Compound 1 (2.0 x 10~* M in THF) displayed the characteristic
'A — 'L, transitions of an anthracene chromophore with vibronic
progressions at 385 nm (log e = 3.81), 365 nm (log € = 3.96) and
347 nm (log e = 3.88). The conversion of 1 to hexacene was first
attempted using a photochemical method. When a THF solution
was irradiated at 365430 nm (12.5 mW cm™ 2 ultraviolet under
oxygen-free conditions), the absorption bands of 1 diminished,
accompanied by the growth of new bands at 667, 611 and 557 nm
(shoulder) corresponding to the vibronic progressions of a w—m*
transition of hexacene!'®1°. However, these new bands persisted
only briefly then disappeared, probably due to dimerization
(Supplementary Fig. S7)%.

The conversion was also attempted by heating solid 1 to ~180 °Cin
a nitrogen atmosphere. Under these conditions, the colour changed
rapidly from white to blue-green (Fig. 2a). During the thermal
transformation, the characteristic carbonyl peak of 1 at 1,784 cm ™'
diminished (Fig. 2b). The high-resolution matrix-assisted laser
desorption/ionization-time of flight (MALDI-MS) spectrum indi-
cated a molecular ion signal at m/z 329.1341 (MH™, calcd 329.1330,
error = 3.0 ppm), corresponding to hexacene (Supplementary Fig. S9).

Thermal gravimetric analysis (TGA) of 1 was carried out with a
scan rate of 10 °C min~ ' under nitrogen flow (Fig. 2c). A weight loss
of 6.6% (caled 7.9%) occurred at ~180 °C, corresponding to the
formation of hexacene through CO expulsion. The sample then
remained stable over a wide temperature range until ~330 °C,
when another weight loss occurred due to vaporization. The nature
of hexacene was also examined by solid-state cross-polarization
magic angle spinning (CP-MAS) NMR spectroscopy. The spectrum
of compound 1 showed three absorption bands at 6 57.7 ppm
(bridgehead), 120-139 ppm (aromatic) and 194.7 ppm (carbonyl)
(Fig. 2d). After thermal conversion, the bridgehead and carbonyl
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peaks faded away and left behind only the aromatic ones at
121-134 ppm. The absence of any other signals in the spectrum
indicates that the transformation proceeded cleanly. A simulated
spectrum calculated by density function theory (DFT) B3LYP/6-
3114+G(2d,p)//M06/6-31G(d) matched well with the experimental
results (Supplementary Fig. S11).

After being exposed to air at room temperature for 24 h in the
dark, the hexacene gave virtually the same CP-MAS NMR spectra,
indicating the high stability of hexacene under ambient conditions.
Further evidence of its high stability was provided by solid-state
absorption spectra. A THF solution of 1 was spincast on a quartz
plate (transparency >98% at a wavelength of 380 nm) into a 200-
nm-thick film, which was converted to hexacene by heating at
180 °C under a nitrogen atmosphere. The film of 1 before heating dis-
played the characteristic feature of anthracene at 403 nm (3.08 eV,
Supplementary Fig. S8). After heating, the band disappeared,
accompanied by the growth of new peaks at 840 nm (1.48 eV),
765nm (1.62eV), 708 nm (1.75eV) and 654nm (1.90eV)
(Fig. 3a). The low energy peaks were redshifted with respect to
those in a THF solution at 667 nm (1.86 eV), and can be rationalized
by the effect of Davydov splitting”-?°. The peaks at 840 nm (1.48 eV)
and 765 nm (1.62 eV) were assigned to the Davydov doublet of the 0—
0 band, and those at 708 nm (1.75 eV) and 654 nm (1.90 eV) to the
Davydov doublet of the 0-1 band. The hexacene film was stable for
more than one month, when it was left in air at room temperature
in the dark, as indicated by both the CP-MAS NMR spectra
(Fig. 2d) and the absorption spectra (Supplementary Fig. S12).

In an earlier report it was shown that hexacene in a polymethyl
methacrylate (PMMA) matrix reacted gradually with dioxygen,
which diffused slowly into the matrix, under irradiation from an
ultraviolet LED array (395425 nm)". For comparison, the
photochemical stability of a hexacene thin film was investigated
by exposing it to ultraviolet light at 365 nm (+30 nm using a
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Figure 3 | Absorption spectra of hexacene thin films. a, Spectra of a thin
film of hexacene measured in the dark under ambient conditions. Inset: time
dependence plot of relative intensity at 840 nm from O to 360 min. There is
no observable change of intensity, indicating that the thin film of hexacene is
stable. b, Spectra after ultraviolet irradiation at 365+ 30 nm (ultraviolet lamp,
12.5 mW cm™?, black light >400 nm filtered) in air. Inset: time dependence
plot of relative absorption intensity at 840 nm from O to 300 min. The decay
of intensity clearly shows that hexacene has undergone a structural change.

12.5 mW cm ™ ? black-light ultraviolet lamp, >400 nm filtered) in
air. The absorption intensity of hexacene decreased gradually,
accompanied by an increase of a new band at ~430 nm (Fig. 3b).
In the meantime, a new signal was observed in the high-resolution
MALDI-MS spectrum, which corresponded to an endoperoxide
adduct (m/z 361.1238 (MH™), calcd 361.1228, error = 2.8 ppm)
(Supplementary Fig. S10). These results suggest that hexacene

underwent a slow photochemical oxidation in the presence of
air’®32. A time-dependent measurement of the intensity of the
840 nm band revealed that the amount of photo-oxidation increased
steadily at the early stage (that is, from 0 to 120 min), but slowed
down substantially after 300 min (Fig. 3b, inset). It is probable
that air oxidation proceeded mainly on the surface of the solids
and, as time went by, it became more difficult for oxygen to pene-
trate into the interior of the sample. The photo-ionization energy
of a hexacene thin film was measured by photoemission yield
spectroscopy (AC-2 Riken), and it was found that the HOMO
level of hexacene (—4.96 eV) is higher than that of pentacene
(—5.14 eV)**. The LUMO level of a thin film (—3.56 eV) was
then deduced by subtracting the HOMO from the edge of the
absorption band (889 nm, 1.40 eV) (Supplementary Fig. S13).

The ultimate structural proof came from the single-crystal structure
determined by X-ray diffraction analysis. Pure hexacene was obtained
using the physical vapour-transport (PVT) method**. A sample of pre-
cursor 1 was heated at 180 °C in a nitrogen atmosphere to give a sizable
amount of pure hexacene. It was then transferred into a glass tube for
PVT, and the tube was heated in an oven at 260-300 °C with a flow of
argon gas (20-40 ml min~'). Blue-green platelet crystals were col-
lected from a temperature gradient zone inside the glass tube. A
single crystal was selected and subjected to X-ray diffraction analysis.
Crystal parameters were collected at —150 °C in the dark. The crystal
belongs to the triclinic space group P — 1, with a =6.292, b =7.673,
c=16.424 A, a=98.66°, B=91.16° and y = 95.71°. The molecules
are shown to be packed in herringbone arrays, quite analogous to pen-
tacene (Fig. 4). The result was consistent with expectations (triclinic
crystal of space group P — 1), with only a slight variation in the unit
cell dimension (a=7.9, b=6.1, c=184 A, a=102.7°, B=112.3°
and y=83.6°)'%

The herringbone packing motif is believed to be responsible for the
high stability of hexacene in the solid state. Compared to the hexacene
derivatives with silylethynyl substituents (for example, tri-isobutylsily-
lethynylhexacene, TIBS-hexacene)'?, the non-substituted hexacene in
the crystal exhibited a very slow rate of dimerization. In the crystal of
TIBS-hexacene, adjacent molecules are arranged in a shifted face-to-
face r-stacking motif, a geometry that is more likely to favour dimer-
ization. In the herringbone packing of non-substituted hexacene, the
adjacent molecules are stacked in an edge-to-face manner, which is
not suitable for dimerization. It is well known that the electronic prop-
erties of acenes depends heavily on their molecular packing patterns.
Based on crystal data, the transfer integrals of naphthalene®, anthra-
cene’®, tetracene”’, pentacene® and hexacene were compared. The
results showed that hexacene has a much smaller reorganization

< o ©

Figure 4 | X-ray crystallographic analysis of hexacene. a, ORTEP drawing of two adjacent hexacene molecules. b, Layer arrangement of hexacene molecules
on the a-b plane. ¢, Arrays of hexacene along the a-axis. Distances used for computation of transfer integrals are denoted as T, and T, for transverses,

P for parallel and L for longitudinal.
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Table 1 | Calculated hole-transporting properties.

ARTICLES

Compound HOMO* (eV) A** (meV) R (R), t* (meV)" pH(em?Vvs™)
T, T, P L

Naphthalene® —5.80 183 5.01, 8 501 8 593, 36 8.64,0 0.05M

Anthracene! —5.24 138 5.22,19 5.22,19 6.01, 42 112, 0 0.158

Tetracene! —4.87 n3 477,70 513, 22 6.06, 37 13.44,1 0.470

Pentacene® —4.61 95 4.76, 79 5.21, 45 6.27, 31 16.11, 1 0.832

Hexacene —4.42 79 472, 88 5.22, 60 6.31, 37 18.61,1 1.461

*B3LYP/6-31G(d,p) level; J"PW91/DZZP level calculated at 300 K (t* is given as absolute value); *‘Averaged value along the four directions (T, T,, P and L) under consideration; SRef. 35; IRef. 36; TRef. 37; #Ref. 38.
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Figure 5 | Single-crystal OFET and conductivity characteristics of hexacene. a, Output characteristics (D, drain; S, source). Inset: a crystal across the
electrodes (scale bar, 50 pm) with W/L=1.10. b, Transfer characteristics recorded at Vs = —80 V (G, gate). ¢, Time-dependent decay of performance
under ambient conditions (red squares) and in a nitrogen atmosphere (blue diamonds). d, Plot of current J versus electric field E of a hexacene crystal across
gold electrodes under ambient conditions. Inset: |-V plot at low voltage (—=1to 1V).

energy (A ") and a higher electronic coupling (¢*) alongboth T, and T,
directions (Fig. 4), so a significantly higher hole mobility (u*) than
other acenes was expected (Table 1). The hole mobility can be fitted
well by an equation related to the number of aromatic rings, ax
(x=2-6) (Supplementary Fig. S14). The calculations also suggest
that the hole mobility of hexacene is most efficient along the a-b plane.

FETs were then fabricated using single crystals of hexacene.
The crystals were grown on a SiO,/silicon substrate, which was
coated with a self-assembled monolayer (SAM) of octyltrichlorosilane
(OcTS) and placed inside the PVT tube®**!. After crystal growth, gold
source and drain electrodes were thermally deposited on top of the
substrate through a shadow mask. The averaged performance of 14
independent devices was 0.88 cm® V™' s, with a threshold at 34 V
and an on/off ratio of ~1 x 10* to 1 x 10°. Among the results, the
best mobility was 4.28 cm* V™' s™, with an on/off ratio of 1 x 10°
and threshold of 37V (Fig. 5ab and Supplementary Fig. S15).
These FET devices could function effectively for more than 19 days
without encapsulation. During this time, a device was kept in
an ambient environment under room light and the mobility
was observed to reduce gradually from 0.906cm®>V ™ 's™' to
0.339 cm®> V™' s™' (63% decay). When stored in a nitrogen atmos-
phere, the mobility reduced from 0.135cm*V 's™' to
0.092 cm® V™' s7! (32% decay, Fig. 5¢). This decay is believed to be
caused by air oxidation on the surface of the crystal.

It is well known that the performance of transistors depends
significantly on the nature of the gate dielectric®**°. The hole
mobility of pentacene has been reported to be in the range
~0.1-1.4cm” V 's™! for a single crystal™?, ~34cm*>V_'s!
for a thin film on top of SiO, (ref. 43) and ~0.25-15 cm?*V lg!
in the presence of other types of surface treatments*~*. In this
study the hole mobility of a single-crystal hexacene FET was better
than that of the best pentacene FETs on top of SiO, with OcTS
SAM treatment. For comparison, a single crystal of pentacene fabri-
cated in an identical manner to a hexacene crystal demonstrated a
hole mobility of 1.2 cm® V™' s™! with an on/off ratio of 3 x 10°
and threshold at —7 V (Supplementary Fig. S16). The conductivity
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of crystalline hexacene was also measured under gate-free conditions.
Deduced from the J-E plot (Fig. 5d), the conductivity of crystalline
hexacene was estimated to be 2.21 x 10 *Sm™" (V=1 V), which
is slightly higher than that of pentacene (~2.13 x 10" °>Sm™" to
~2.13 x 10°° Sm™") (Fig. 5d)***.

Conclusions

We have developed a highly efficient solid-state synthesis of
hexacene. The method involves thermal degradation of a monoke-
tone precursor of hexacene that avoids biradical intermediates.
The reaction was conducted in the dark to minimize the possibility
of photo-induced oxidation and/or dimerization. Pure hexacene
thus prepared can be stored under ambient conditions in the dark
for more than one month. Platelet single crystals were obtained
by PVT. X-ray diffraction analysis indicated that hexacene mol-
ecules are aligned in herringbone arrays, just like pentacene. The
OFET devices made with single crystals of hexacene displayed
the highest hole mobility of 4.28 cm® V™'s™' with an on/off
ratio of 1x10° and a threshold voltage of 37 V. These
devices can function under an ambient environment for more
than 19 days. The conductivity of solid-state hexacene was estimated
tobe 2.21 x 10~* Sm™". The nature of pure hexacene was character-
ized successfully for the first time. It can be concluded that solid-
state hexacene is thermally stable up to ~300 °C in the dark, but
highly vulnerable in solutions under light.

Methods

General experimental details, synthesis and characterization for all compounds,
details of fabrication, theoretical calculations for simulated NMR spectra, and hole
mobility characteristics can be found in the Supplementary Information. The
synthesis of hexacene from its monoketone precursor 1 is described here, together
with the procedures for preparing the single-crystal transistors with hexacene.

Synthesis of hexacene from the monoketone precursor. Precursor 1 was heated
at 180 °C for 3 min in a glass container under an inert atmosphere (nitrogen or
argon). The colour changed rapidly from white to blue-green during heating, after
which a powder of hexacene was obtained in nearly quantitative yield. Crystals of
hexacene were obtained using the PVT method. The hexacene powder was
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transferred into the glass tube for PVT, and the tube was heated in an oven at
260-300 °C with a flow of argon gas (20-40 ml min ™). Platelet crystals were
collected at a temperature gradient zone inside the glass tube. Single crystals were
collected and subjected to X-ray diffraction analyses.

FET fabricated with a single crystal of hexacene. FETs were fabricated on a heavily
doped silicon wafer with a SiO, layer (300 nm) in a top-contact geometry. A

SiO, /silicon substrate was first cleaned with oxygen plasma, then dipped into a
toluene solution of OcTS (0.1 wt%) for 10 min, rinsed with toluene, and dried with a
stream of nitrogen. Crystals of hexacene were grown directly on top of the
OcTS/SiO, /silicon substrate by inserting it into the PVT glass tube in the crystal
growth region. A layer of gold (80 nm) was then thermally deposited at a rate of
0.1 nm s~ ! under a pressure of 8 x 10~° torr through a shadow mask. Full
experimental details and analysis are given in the Supplementary Information.

Received 3 November 2011; accepted 8 May 2012;
published online 10 June 2012
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